Abstract: A dedicated mission in low Earth orbit is proposed to test predictions of gravitational interaction theories and to directly measure the atmospheric density in a relevant altitude range, as well as to provide a metrological platform able to tie different space geodesy techniques. The concept foresees a small spacecraft to be placed in a dawn-dusk eccentric orbit between 450 and 1200 km of altitude. The spacecraft will be tracked from the ground with high precision, and a three-axis accelerometer package on-board will measure the non-gravitational accelerations acting on its surface. Estimates of parameters related to fundamental physics and geophysics should be obtained by a precise orbit determination, while the accelerometer data will be instrumental in constraining the atmospheric density. Along with the mission scientific objectives, a conceptual configuration is described together with an analysis of the dynamical environment experienced by the spacecraft and the accelerometer.
Introduction
The near-Earth environment is an important place for performing experiments aimed at testing present models of the gravitational interaction. Gravitation is accurately described by the general theory of relativity by Albert Einstein, and no experiment carried out so far is in contradiction with the theory (see e.g., the recent detections of gravitational waves by the LIGO-VIRGO collaboration [1] [2] [3] [4] ). The overall validity of this picture is however being challenged by the theories that aim at reconciling general relativity with the microscopic domain (e.g., grand unification theories, quantum gravity), as well as by the mysteries of dark matter and dark energy, though mainly at scales from the galactic up to the cosmological. It is therefore important to precisely test the consequences of the theory, as well as those of competing ones at all the scales accessible with available experimental techniques. We may note that the range of scales up to now precisely tested extends to a few tens of AU [5] . In this respect, the range of scales corresponding to the semimajor axis of low Earth orbits (LEO) is a rather well-tested one [6, 7] , but room is left for improvements.
Among the various testing strategies, one of the most effective is the verification of the equation of motion of a gravitational test mass [8, 9] , as in the case (in many ways paradigmatic) of geodetic satellites [10] . This verification strategy requires the determination with a high degree of accuracy of the satellite trajectory (precise orbit determination-POD) and the subsequent use of this information for testing selected predictions of the theory.
The development of high-precision experimental space techniques, necessary for this type of tests, opens the way to complementary investigations. One of these deals with the accurate measurement of atmospheric drag in an altitude range where spacecraft operations, orbital evolution and lifetime estimations are significantly affected by this perturbation. Indeed, after more than fifty years of space activity, the knowledge of atmospheric density and its dependency on the solar and geomagnetic activity is still affected by relevant uncertainties [11, 12] . Due to the expanding amount of man-made orbital debris [13] , the improved knowledge of atmospheric density and its variability in LEO could also lead to a reduction of unneeded avoidance maneuvers.
In this paper, we expand on a proposed concept [14] , which we name METRIC (Measurement of EnvironmenTal and Relativistic In-orbit preCessions), to make use of existing technology developed for acceleration measurement in space and state-of-the-art satellite tracking to precisely determine the orbit of a spacecraft with well-defined geometrical and mass characteristics and to measure over a long period of time the drag deceleration (as well as other non-gravitational perturbations) acting on it. This will result in a virtually drag-free spacecraft that can be exploited to investigate a number of effects related to gravitational physics and to the near-Earth environment, via a precise analysis of its orbital dynamics. Consequently, this mission would complement previous geodynamic and atmospheric ones in providing data useful to constrain competitive models of the gravitational interaction, as well as those related to atmospheric drag. In addition to this objectives, it turns out that such a spacecraft would naturally form the potential basis of a metrological platform useful to tie different space geodesy techniques.
After having set the main mission objectives and the strategies to achieve them, a model for mission configuration is introduced. A discussion of the dynamical environment experienced by the spacecraft is a prerequisite for a quantitative assessment of non-gravitational accelerations that will be sensed by the on-board accelerometer.
Mission Objectives
We identified the following broad-range objectives for METRIC, in a 450 × 1200 km high-inclination orbit:
1. conduct fundamental physics tests by verifying the general relativistic equation of motion of a test mass, placing limits on alternative theories of gravitation; 2. improve the knowledge of selected tidal terms; 3. estimate, through acceleration measurements, the atmospheric density in the orbital region of interest; 4. establish a space-based tie among different space geodesy techniques.
In the first two objectives, the basic feature of having a de facto gravitational test mass is employed. This is an idealized concept (see, e.g., [9] ): the accuracy of any materialization of it depends on how much the non-gravitational perturbations are accounted for and on how well the spacecraft metrology is implemented.
The IERS (International Earth Rotation and Reference Systems Service) Conventions (2010) [15] recommend that the following relativistic correction to the accelerations of a test mass in the Geocentric Celestial Reference System (GCRS) be used (here and afterwards, the dot denotes derivative with respect to time):
In this expression, c is the speed of light; β and γ are PPN (parameterized post-Newtonian) parameters; r is the test mass position with respect to the Earth; R the position of the Earth with respect to the Sun; J ⊕ is the Earth's angular momentum per unit mass; and GM ⊕ , GM are the gravitational coefficients of the Earth and Sun, respectively. The three terms on the right-hand side of Equation (1) can be identified with the so-called gravitoelectric, gravitomagnetic and geodetic (de Sitter) contributions, respectively. This formulation derives from the PPN framework and is considered to be adequate in the weak-field, slow-motion conditions of the Solar System [16] . It can be predicted (via first-order perturbation theory; see, e.g., [8, 17] ) that, due to those terms, the orbit argument of pericenter and longitude of ascending node are subjected to secular precessional effects (see Section 4.2).
The equation of motion, along with its predictions, can be tested against the orbit as obtained by the POD. Of course the dynamics underlying this orbit is much more complex than the model described by Equation (1): in short, an Earth-bound spacecraft is subjected to the non-spherically symmetric and time-dependent Earth gravitational field and to an ensemble of small, but non-negligible non-gravitational forces. On one hand, this implies the possibility of improving the knowledge of geophysical features to which the selected orbit is more sensitive; on the other hand, one has to constantly face the issue of the non-gravitational perturbations, which in this context constitute a noise that potentially masks the gravitational signal to be measured. Regarding this second issue, the role of the accelerometer is exactly that of enabling a disentangling of the two parts.
We notice that the proposed semimajor axis and eccentricity make the orbit more sensitive to Earth tides (both solid and ocean) with respect to higher altitude geodetic satellites, like the two LAGEOS. In this respect, the dynamical environment that METRIC will encounter is much more similar to the one faced by Starlette [18] . This implies a remarkable sensitivity to a spectrum of solid and ocean tides and in turn points to interesting possibilities for improving our knowledge of tides and, more in general, mid-to high-wavelength features of the Earth's gravity field.
The third objective foresees a different use of the acceleration observables. While for the previous two objectives, as said, one wants to measure a noise that could bias the parameters' estimate, in this case, one measures a signal that is related to the local atmospheric drag to be measured. A 450 × 1200 km high-inclination orbit would enable the sampling of an important circumterrestrial region to improve the knowledge of neutral atmospheric density that would be relevant for both space operations and science. The altitude range considered is characterized by a compositional and density landscape strongly affected by the time-varying solar activity. Unlike previous estimates of atmospheric density (obtained from satellite orbital decay and therefore being averages over many orbits), the on-board accelerometer will allow instantaneous measurements over the altitude range of interest.
The fourth objective is related to the spacecraft tracking and system configuration, discussed in Sections 3 and 6, respectively. Indeed, the multi-technique approach that is proposed could in principle enable a space-based tie among the space geodesy techniques involved in each of the chosen tracking options. This idea is the basis for the Geodetic Reference Antenna in Space (GRASP) proposal [19] . Such a space-based tie would help to improve the coherence of the geodetic products based on these techniques, e.g., the International Terrestrial Reference Frame (ITRF) [20] .
The basic idea is to have a well-known metrological platform that could host different space geodesy techniques, realizing the space equivalent of what in geodesy is known as a local tie. This platform would be calibrated accurately on the ground and would provide a stable reference to link the various realizations of the Terrestrial Reference Frame, also helping to calibrate, e.g., specific space geodetic devices.
A satellite like METRIC could be considered to be somewhere in the middle between LAGEOS and CHAMP [21] [22] [23] . The former (along with its twin LAGEOS II and the recently-launched LARES) is a good example of an object developed, built and launched to work as a gravitational test mass. It is completely passive (no instrumentation or any devices on-board); therefore, any dynamical perturbing effect acting on it should be a posteriori modeled, either analytically or numerically. In CHAMP, the effects of non-gravitational origin are directly measured by a three-axis accelerometer, made necessary by the need to remove the combined contributions of non-gravitational perturbations from the satellite-to-satellite tracking data, of which the air-drag is the dominant effect at the orbital altitude of CHAMP (this is also the choice done in the BepiColombo mission concept, again due to the complexity of the non-gravitational effects acting on the spacecraft [24] [25] [26] ). The proposed mission retains the basic idea of having an object of a relatively simple shape, including a three-axis accelerometer package in order to overcome the problems related to modeling the non-gravitational effects and, at the same time, separating the air-drag from the solar-pressure effects, as explained later on. In this respect, METRIC can be seen as an evolution of CHAMP (with a focus on gravitational physics, geodesy and atmospheric physics), keeping the spacecraft segment as simple as possible, compatibly with the mission requirements.
To summarize, the core element of METRIC is the availability of a small platform that can act at the same time as a gravitational test mass (whose orbit is in principle only sensitive to its gravitational dynamics), as a drag-sensing device (able to measure the instantaneous and not only integrated atmospheric density) and as a space-based target for geodetic measurements (providing a tie among different space geodesy techniques). The main elements to be defined and implemented in order to fulfill these broad-range requirements will be discussed in the following.
Mission Configuration
In order to satisfy the scientific objectives, one needs an orbiting object with very well-characterized physical properties, hosting a three-component accelerometer package and all of the required ancillary instrumentation and subsystems. State-of-the-art tracking of the satellite is also assumed. The orbit will be elliptical, spanning an altitude range from 450 to 1200 km, where drag-related effects impact significantly the lifetimes of satellites. The spacecraft should be cylindrical in shape and spinning about its longitudinal z-axis, which will be close to orthogonal to the orbital plane. The three-axis accelerometer package will need an acceleration resolution better than 1×10 −10 m·s −2 . The expected measurement range is 1 × 10 −7 to 1×10 −10 m·s −2 considering estimates of drag forces at minimum and maximum solar activity conditions in the altitude range of interest and a preliminary estimate of the satellite A/m ratio (see the discussion in Section 4 and, in particular, the estimates provided in Table 1 ).
The preliminary choice for our analysis is a dawn-dusk, Sun-synchronous orbit. This choice of orbit favors the evaluation of the drag-related accelerations and resolving them from the solar pressure-related accelerations. In the altitude range of METRIC, the solar radiation-related acceleration is of the same order of magnitude of the air drag-related acceleration at perigee altitudes, but it is about two orders of magnitude stronger than air drag at the apogee altitudes. The separation of the two effects and the possibility of extracting the much weaker air drag acceleration from the acceleration data are attained through frequency modulation (i.e., at the spin frequency of the spacecraft) and the orbital/geometrical configuration adopted. The dawn-dusk, Sun-synchronous orbit also provides an almost constant illumination (useful for electric power generation and thermal stability) and very short periods of eclipses close to the winter solstices. Different choices of orbital inclinations (e.g., polar) that would favor the analysis of the relativistic effects, but lose the features mentioned above will be analyzed in follow-up studies. The spacecraft cylindrical body should be in the shadow of a flat, round-shaped solar panel facing the Sun (see Figure 1 ). This arrangement will keep the effects of the solar radiation pressure at a right angle, for both the direct illumination on the solar panel and the albedo and infrared radiation from Earth, with respect to the main contribution of the drag force along the flight direction. The spin about an axis close to orthogonal to the orbit plane provides the basic attitude stabilization of the spacecraft to be sporadically adjusted by the attitude control system. This arrangement keeps the spacecraft facing the flight direction with a constant cross-sectional area while the spin modulates the components in the orbital plane (in-plane) of the surface forces, inclusive the LH component (see later) of the drag-related acceleration. The proposed orbit is characterized by a rather high eccentricity e = 0.052 that provides the observable (i.e., the argument of the pericenter), sensitive to a series of effects: relativistic contributions (see, e.g., [27] [28] [29] [30] ) and Earth's tides. The nodal longitude will be also an important observable for fundamental physics tests.
With this orbit, estimated values for various effects regarding the orbit evolution in time can be obtained; see the discussion in Section 4 and the values provided in Table 2 . As expected, the Schwarzschild precession of the argument of pericenter is the dominant relativistic signal that should emerge from the noise due to a rather low orbit and a well-identifiable pericenter (in the case of a quasi-circular orbit, which is the case of many geodetic satellites, the argument of pericenter is a quantity properly defined, but in practice not easily detectable; this is, e.g., the case of LARES, whose orbit is characterized by an eccentricity of ∼ 1 × 10 −3 ). The gravitomagnetic contributions have a smaller signal-to-noise ratio. The advantage of using high-inclination orbits (e.g., Sun-synchronous or polar) is a significant suppression of the competitive precession signal on the node associated with the uncertainty of the knowledge of the Earth's lower zonal gravitational harmonics (in particular, the quadrupole). The rough estimates presented here point to potentially interesting possibilities for a single-satellite measurement of gravitational effects (possibilities that in any case should be confirmed by an error analysis more detailed with respect to the one presented here). Moreover, the data could be combined with those originated from other geodetic missions (this is an interesting possibility, which has been proposed and discussed many times in the past, and found an effective application, e.g., in the relativistic tests performed by combining the Keplerian elements' residuals of the three geodetic satellites LAGEOS, LAGEOS II and LARES; adding other satellites to the list could increase the probability of finding even more suitable observables than the ones employed so far), thereby broadening the range of possible measurements [31] . Potential improvements with respect to the state of the art [10, 29, 30, 32] include:
1. a measurement of pericenter precession improved by possibly one order of magnitude, with a corresponding constraint on a Yukawa-like contribution acting at a scale comparable with the orbit semimajor axis; 2. a direct (i.e., with a single satellite) measurement of Lense-Thirring precession. The three accelerometer elements, based on the ISA (Italian Spring Accelerometer) model developed by the IAPS Experimental Gravitation Group for the BepiColombo mission [25, 26] , will be placed close to and aligned with the spin axis of the satellite, within the construction precision. This configuration will minimize the contribution of spurious signals due to gravitational gradients and inertial forces (see again Table 1 ) that are considered in the dynamics analysis shown later on. The mission design goal is to have no moving parts, thereby providing an almost constant position of the spacecraft center of mass (CM), every shift of a mass with respect to it being a source of spurious signals. Moreover, this provision will minimize (if not nullify) micro-vibrations that would excite the accelerometer sensing elements near their resonance frequency. The spacecraft should also carry all of the necessary subsystems for the satellite functions, inclusive of the attitude determination and control, through magneto torquers, of the spin axis orientation. Spin could be initiated by the release mechanism at ejection from the rocket stage and later fine-tuned with the magneto torquers.
Telecommunication with the ground will be guaranteed via an S-or X-band link, which would provide also basic tracking capabilities. Enhanced tracking will be obtained by equipping the spacecraft with a global navigation satellite system (GNSS) receiver [33] . High-precision spacecraft orbit determination will be made possible by equipping it with a set of retroreflectors for laser ranging from the International Laser Ranging Service (ILRS) stations [34] .
The baseline for the mission is a minimal duration of 2-3 years, with an extended mission phase possibly aiming for a full solar cycle of 11 years. The ground segment requirements would be minimal: ground station passes for telemetry/telecommand could be limited to a few per week. The telemetry would consist mainly of GNSS, accelerometer and attitude information data, as well as housekeeping data.
In Table 3 , the main features of the proposed mission, both in terms of chosen orbit and spacecraft characteristics, are shown. The spacecraft model considered here (upper part of the table) is a very schematic one and subject to be changed in further evolution of this concept. 
Expected Dynamical Environment
As any Earth-orbiting spacecraft, METRIC would be subject to a complex dynamical environment, with gravitational and non-gravitational sources affecting its orbital motion. These sources have to be properly accounted for, in order to assess in a realistic way what signals are reasonably measurable and to design a measurement procedure (e.g., POD) able to extract these (small) signals. In this section, we are going to broadly describe these models, with a particular emphasis on what kind of signals can be extracted with the proposed mission design. The main quantitative estimates are summarized in Tables 1 and 2 , to which we point the reader for a quick assessment of the main physical quantities at play.
Newtonian Gravitation
Orbiting at a relatively low altitude, METRIC will be sensitive to a high degree to the Earth's mass distribution inhomogeneities. These are customarily expressed via a spherical harmonics expansion of the gravitational potential, and several models are available that describe this potential, providing the so-called Stokes coefficientsC lm andS lm up to an l max (we use here the normalized coefficients C lm instead of the non-normalized C lm ; the relationship with the J l coefficients-used for bodies with rotational symmetry and, therefore, with m = 0-is
. By far the most important deviation from spherical symmetry is represented by the quadrupolar (l = 2, m = 0) part.
Due to the gravitational quadrupole, an orbiting body is subjected to 'classical' precessions of the longitude of ascending node and the argument of pericenter given at first order by [35, 36] :
with a, e, I and n the orbit semimajor axis, eccentricity, inclination and mean motion, respectively, and R ⊕ the Earth mean equatorial radius. Taking into account the third Kepler's law, we notice in particular their dependence on the semimajor axis:Ω N20 ,ω N20 ∼ a −7/2 . Similar equations hold foṙ Ω Nl0 andω Nl0 , l = 3, 4, . . .. Equations (2) and (3) yield the effect of the main non-spherical part of Earth's gravitational field on an orbiting body, as well as the estimation of the associated error, given the (formal or calibrated) uncertainty declared in the model itself. Under the assumption that the error δC 20 dominates over the various error sources in the formulas, one can simply replaceC 20 with this quantity, to obtain the error on the precession rate values. The results are shown in the lower part of Table 2 , for METRIC and three important geodetic satellites, namely LAGEOS, LAGEOS II and LARES. This comparison is useful since these three satellites are well-tracked objects around Earth and provide a useful yardstick. We adopted values forC 20 , δC 20 from the EIGEN-GRACE02S model, obtained from data by the GRACE mission [37] . Unlike many other comparable models, EIGEN-GRACE02S has the advantage of providing calibrated (and not simply formal) uncertainties, which are expected to be closer to the 'true' uncertainties. The table also shows the corresponding values for the octupole (l = 4).
A precise modeling of the METRIC orbital dynamics should include also a detailed description of the time-dependent part of the geopotential, in particular the tides. It is expected that the S 2 tide (see, e.g., [38] [39] [40] ) will be particularly important for the proposed orbit, possibly causing secular signals in some of the orbital elements' residual time series. While a detailed analysis of this and other tidal contributions is outside the scope of the present work, we can make the following observation. While it is true that an error in the knowledge of S 2 tidal amplitude would possibly cause an effect masking a given relativistic signal (see below), the related tidal coefficient could be also estimated in the POD. Indeed, an improvement in the knowledge of tides is among the scientific objectives of METRIC. The price to pay will be a certain degree of correlation between such an estimated parameter and other parameters of interest. This issue will be an important task of any future error analysis.
Relativistic Gravitation
The relativistic dynamical model shown in Equation (1) features three corrections to the gravitational dynamics of a near-Earth object, respectively the gravitoelectric, gravitomagnetic and geodetic ones. Their main contributions to the orbital dynamics consist of a secular precessional behavior of some of the Keplerian elements. Specifically, the gravitoelectric part acts on the pericenter according to (Schwarzschild precession [41] ):
The gravitomagnetic part (Lense-Thirring precession [42, 43] ) acts on the node:
and again on the pericenter:ω
Finally, the geodetic part involves a precession of the node [10, 44, 45] :
In the previous expressions, a, e and I retain their previous meaning, J ⊕ = |J ⊕ |, R ⊕ is the Earth-Sun vector and V ⊕ , V the Earth and Sun barycentric velocities; ⊕ is the obliquity of the ecliptic (about 23.44 • ). These expressions are valid in the wider PPN framework. The parameters β and γ are considered to be the most important among the PPN ones; they amount exactly to unity in general relativity. Experiments place rather strict bounds on them: β − 1 ∼ 10 −5 and γ − 1 ∼ 10 −4 , respectively [6] (instead of multiplying the gravitomagnetic precessions by the factor (1 + γ)/2, some authors, e.g., [10] , prefer to multiply it by a generic parameter µ-not one of the ten PPN parameters-in order to underline the fact that frame-dragging appears in a wider context than post-Newtonian approximation). Notice that the geodetic precession is the same for every Earth-bound satellite, depending essentially on the orbit of the Earth around the Sun.
A further dynamical effect worth mentioning, a possible Yukawa-like interaction, is not present in standard general relativity, but stems from a typical weak-field consequence of theoretical scenarios, which involve couplings of matter to fields other than the metric one. Recurrent theoretical motivations pointed to it; for a good review, see [46] and the more recent [47] . This interaction is described by a potential of the form:
where m i , m j are the masses of the two interacting bodies, λ the typical interaction range (with a finite value; it can be considered as a Compton wavelength related to a force carrier of mass m =h/λc) and α a dimensionless parameter indicating the relative intensity of this interaction (its precise expression depends on the hypothesized interaction and could involve selected quantum numbers of the body constituents, implying possibly a violation of the equivalence principle). It can be shown that the presence of this further interaction would cause a supplementary precession of the argument of pericenter given at first order by:
with I 1 the modified Bessel function of the first kind (order one); see [27, 28, 48] . Notice that the numerical value ofω Y depends on the intensity α of the interaction; the values shown in Table 2 were calculated conjecturing α = 10 −10 , that is compatible with the error of the current best estimates for λ comparable with the semimajor axis of LEO orbits [29, 30] . Moreover, one can recast Equation (9) as a function α = α(λ;ω Y , a, e, n), in which a hypothetical signalω * Y attributable to the Yukawa interaction would fix its coupling at a given λ. Consequently, the absence of such a signal would set a constraint for the interaction amplitude as a function of λ. Figure 2 shows such a hypothetical constraint in the case of a signal on the METRIC pericenterω * Y equal to 10% ofω LT , i.e., equal to 6.93 × 10 −3 arcsec y −1 . The grey area, labeled as "Excluded region" in the plot, is the set of (λ, α) pairs for which we can reasonably exclude the existence of a Yukawa-like interaction in the given experiment. We may notice that a firmer constraint could only come from a detailed error budget analysis, analogously to what has been done in [30] . Some considerations on the numerical estimates for the various effects (shown in the upper part of Table 2 ) are in order. The Schwarzschild precessionω Schw is of course the dominant expected relativistic signal, with the other ones at least three orders of magnitude lower. A comparison with the other satellites shows the advantage of having a lower and more eccentric orbit. This comes at the price of an increase of other effects, e.g., drag, to be modeled/measured. With these numbers,Ω LT should emerge with a signal-to-noise ratio close to unity, thereby allowing a single-satellite measurement of the gravitomagnetic field. However, this initial guess should be confirmed by a deeper analysis, e.g., considering the role of higher multipoles' uncertainties. The Yukawa signal, if any, would add power to the pericenter signal.
Non-Gravitational Forces
Among the non-gravitational forces currently modeled, the direct solar radiation pressure is certainly the most relevant, at least for sufficiently high orbits. This interaction (due to the reflection-absorption-diffusion of solar photons by the various spacecraft surfaces) is in general not easy to model. A well-established model for the orbital arrangement and satellite geometry it is here considered, with the solar panel hit by the direct sun illumination, while the cylinder/satellite is hit by the infrared and albedo radiation from Earth. The following formula has been used for the analysis [49] :
with A and m the satellite cross-sectional illuminated area and mass, Φ the solar irradiance at 1 AU, n the unit vector normal to this area, e the unit vector pointing toward the Sun, θ = (n, e ) and the surface reflectivity. This model has been specialized to take into account direct illumination acting on the solar panel, infrared and albedo radiation pressure acting on the cylindrical surface of the spacecraft.
The radiating power is calculated respectively as Φ dir = 1370 W·m −2 , Φ alb = 475(R ⊕ /r orb ) 2 W·m −2 and Φ IR = 230(R ⊕ /r orb ) 2 W·m −2 for direct illumination, Earth's albedo and IR radiation, respectively, r orb being the orbit geocentric radius. For a spacecraft of comparatively low altitude as METRIC, the other important non-gravitational effect is due to (neutral) atmospheric drag. This is given by [49] :
where apart from the previously-defined quantities, ρ D is the atmospheric density at the satellite position, v is the satellite velocity with respect to the rotating atmosphere (v being its magnitude) and C D is the drag coefficient for a cylindrical body in free-molecular flow (it can be noticed that C D is not independent of the environment in which the satellite moves; what counts here is in fact the product C D ρ).
Non-Gravitational Signal Extraction
In this section, we present a dynamical analysis to show that the drag acceleration can be extracted from the total acceleration measured by the accelerometer package, which includes the contributions associated with the rotational dynamics of the spacecraft, the imperfect centering of the three accelerometer elements, the gravity gradients and the solar radiation pressure. A model has been constructed to describe the rotational dynamics of the satellite and the effects of air drag, solar radiation pressure, gravity gradients and inertial forces. The actual geometry of the proposed satellite, consisting of a circular solar panel facing the sun rays and a cylindrical satellite body in the shadow of the solar panel (see Figure 1) , was considered in modeling the effects of the solar radiation pressure and the atmospheric drag acting on the spacecraft. Moreover, the model takes into account the imperfections in the alignment of the z-body axis (along which the accelerometers are ideally placed) with respect to the angular momentum of the satellite and realistic offset positions and centering errors of the sensing masses of the accelerometers with respect to the CM of the satellite and the z-axis. The goal of the model is to see whether the in-plane component of the drag acceleration can be extracted from the output of the x-body and y-body accelerometer sensing elements and resolved out of the total acceleration measured by the accelerometers. Moreover, the inertia characteristics of the spacecraft are important in limiting and separating in frequency the effects of the rotational dynamics in the presence of realistic centering errors and misalignments.
In the following, we show results for an axially-symmetric spacecraft with a longitudinal (about the z-axis) moment of inertia that is 20% higher than the transverse moment of inertia. The maximum-axis-spinner will be spin stable, and the free-precession frequency will be lower by a factor of five (thanks to the inertia ratio selected) than the spin frequency, thus confining the rotational-dynamics effects to lower frequencies. The above ratio of moments of inertia is not a mandatory value, but it is a valid option. We assume that the z-axis accelerometer element is the closest to the CM, while the x-axis and y-axis sensing masses are necessarily further away from the CM (see later on the description of the accelerometer). Moreover, we assume a spin period of 120 s (i.e., a frequency of 8.3 × 10 −3 Hz) for the satellite and conservative values for the position imperfections and misalignment of the accelerometer sensing masses as follows: 1 mm off the spin axis along the x and y axes, 5 cm from the CM along the z-axis for the sensing masses furthest from the CM and angular misalignments of the sensing axes of 1 × 10 −4 rad. The air density model adopted for the simulations shown here is MSIS-86 [50] . Figure 3 shows the altitude profile and the air density predicted by the model for average solar activity, the drag-related accelerations in the local vertical-local horizontal (LV-LH) frame and the orbital velocity, all vs time. Air drag forces will change in absolute terms by using a different density model and, more importantly, a different value of solar activity, yet without changing the nature of the problem. The goal of these computations is to demonstrate that the air drag force can be resolved out of the total acceleration measured by the accelerometers that includes comparatively stronger contributions from the other noise sources. The accelerations measured by the onboard accelerometers, shown in Figure 4 , are the sum of air drag, solar radiation, gravity gradient and spin dynamics contributions associated with sensing masses of the accelerometers that are neither aligned, nor coincident with the spin axis. The (simulated) air drag acceleration components are also shown. The total accelerations measured by the x-body and y-body accelerometer elements (top panel of Figure 4 ) are first de-biased and then referred to the LV-LH frame (this frame is also known as the Gauss frame) that follows the CM of the satellite (see Figure 5) , by using the phase information that in practice will be provided by the on-board attitude measurement system. A moving average filter was then utilized to extract the local horizontal (LH) drag component. This component, almost aligned with the flight direction (FD), is by far the most important drag component acting on the satellite when compared to the much smaller components, at right angles to the FD, associated with the rotating atmosphere and the orbital eccentricity. The bottom panel of Figure 5 depicts the total acceleration along LH, the simulated LH drag acceleration component (labeled LH drag sim) and the extracted/resolved LH drag acceleration (labeled LH drag res) over one orbit. The resolved acceleration component follows closely the simulated profile of the LH air drag acceleration once the filter converges in about one spin period (with the filter time lag accounted for), demonstrating the validity of the procedure adopted for extracting the drag-related acceleration "signal". Table 1 shows the range of acceleration magnitudes acting on the system grouped according to their type. It can be noted that some components, like the solar-radiation and the spin-related accelerations, are much stronger than the smallest expected drag acceleration. However, thanks to the 90 • phase shift and spin modulation for the former acceleration and the frequency separation for the latter, the LH drag component can be extracted out of the higher "noise" components. 
The Accelerometer Package
In order to fine-tune the characteristics of the accelerometer model for METRIC, it is important to estimate the spectral features of the expected signals. A requirements envelope comes from Table 1 : the expected LH component lies in the amplitude range 3 × 10 −10 to 3×10 −7 m·s −2 . A maximum sampling frequency of 0.1 Hz corresponds to density variations in the atmosphere with a horizontal scale of roughly 80 km, which would be a significant improvement with respect to the present knowledge. These figures (which could be fine-tuned by a more detailed analysis outside the scope of this work) fit well into what is currently reachable with state-of-the-art acceleration measurement devices. In particular, they could be attainable with an adaptation of the ISA BepiColombo accelerometer to the proposed mission. Very important in this respect is the fact that METRIC would offer a stable environment for the instruments it will host; indeed, a relevant part of the accelerometer error budget in that case is given by spurious signals coming from the on-board environment itself (see, e.g., [26, 51] ).
The three-axis, high-sensitivity accelerometer to be hosted inside the METRIC spacecraft is ISA, a three-axis, high-sensitivity device, developed for space applications, but suited also for ground (e.g., geophysical) uses. The instrument consists of three one-dimensional sensing elements, one for each spatial direction, arranged such that the sensing directions are orthogonal to one another (see Figure 6 ). Each sensing element is basically a one-dimensional harmonic oscillator, in which a sensing mass is connected to an external frame with a flexural spring; the entire oscillator is obtained by the manufacturing of a single piece of aluminum. The central mass is in between two pick-up plates to form a two-face capacitor (see Figure 7) . The two-face capacitor and the other two fixed ones are part of a capacitive bridge for signal read-out. An acceleration acting on the system (its component along the normal to the plates) induces a motion of the central mass and unbalances the bridge. The corresponding signal is then read out and properly amplified and filtered. The signals coming from each accelerometer element can therefore be combined to obtain the acceleration vector at a reference point of the accelerometer. This arrangement implies taking into account the effects of inertial accelerations and gravity gradients, as was done in the model employed in Section 4.4. The design sensitivity of the ISA accelerometer developed for BepiColombo (this is a good starting point figure: it has been specifically designed for space use) is of the order of 1×10 −9 m·s −2 ·Hz −1/2 ; this level has been verified on the ground over many tests with accelerometer prototypes assembled in a differential configuration [26] , in a wide band of frequencies below 1 × 10 −1 Hz. Along with the pick-up plates, each sensing element has another two plates able to give the mass a known acceleration signal, thereby providing an internal calibration means (see again Figure 7 ). This calibration can be complemented with an a posteriori bias and (possibly) drift adjustment via the POD (see, e.g., [52] ). In order to reduce as much as possible the inertial signals, the accelerometer should be positioned as close as possible to the satellite spin axis, as well as in a low-noise mechanical and thermal environment (both mechanical and thermal environment are expected to be reasonably quiet, due respectively to the minimization of moving parts onboard the spacecraft and its nearly constant attitude with respect to the Sun). 
Tracking Options
METRIC requires the best tracking techniques available for near-Earth satellites; natural choices would be therefore GNSS and SLR. It has to be noticed that these are two fundamental space geodesy techniques, routinely used for the realization and maintenance of the ITRF [20] . Their inclusion is therefore a minimum requirement in order to satisfy the fourth scientific objective on the tie among different space geodesy techniques. We briefly discuss here their main capabilities and limitations; these are also summarized in Table 4 . A GNSS receiver on board would provide in a rather simple way a kinematic orbit for the spacecraft, almost continuous in time. By "kinematic" we mean the orbit is obtained by the navigation solution, and not by an integration of the satellite equation of motion and a fit to the tracking data, as in the dynamic one. Experience with the CHAMP mission shows that with a navigation solution of sub-cm precision, an orbit solution with a sub-dm level can be achieved, using GPS code and phase data [53, 54] . GNSS tracking has indeed the advantage of providing a uniform geometric solution of good quality; this would therefore constitute an adequately accurate basis to be used as a starting point for further analyses.
The SLR technique (see Figure 8 ) employs the timing of the round-trip travel of laser pulses from ground stations (ILRS network) to the satellite (equipped with retroreflectors) and back; the basic observable is therefore a range (instantaneous station-satellite distance). Usually the so-called normal points are used, that are basically an average of laser ranges over a definite time interval (bin); they are characterized by the fact that their random error is reduced to that of the mean of the bin. The precision of a single normal point is outstanding: usually, it is below the cm and, nowadays, approaches the mm level. The resulting POD is model-limited, and could approach the cm. The coverage of SLR observations is however non-uniform, being dependent on observation geometry, atmospheric conditions and station schedule. These two techniques are therefore in a way complementary to each other: the POD could include both to employ their best observations and models. To this minimal set, other instrumentation, related to the other two space geodesy techniques-namely very long baseline interferometry (VLBI) and Doppler orbitography and radio-positioning integrated by satellite (DORIS)-could in principle be added at the price of increasing the complexity and cost of the mission. Consequently, in this case, the spacecraft would become a full-fledged in-orbit geodetic station.
Data Analysis Issues
The data analysis procedures to be implemented should be functional for the scientific objectives of the mission as discussed in Section 2. All of these would require POD; the third and fourth objectives would require further analysis activities. We briefly discuss here their main peculiarities.
Precise Orbit Determination
The POD based on the various tracking data types would be the basis of any subsequent analysis. As customary for geodetic missions, a multi-arc technique [55] could be employed, in which for each arc, a dynamical model is fitted to the data, obtaining the precise spacecraft ephemerides and estimates of selected parameters. A number of software packages has been developed, which are able to perform a POD by processing at the same time GNSS and SLR data; among them, we notice Geodyn II (NASA/GSFC) [56, 57] . Said in other words, what is required is a least-squares solution of:
where O i and M i are, respectively, the observations (e.g., pseudo-ranges or ranges) and their corresponding modeled values, dP j the corrections to the vector P of parameters to be estimated and dO i are the errors associated with each observation. The dO i account for both the noise in the observations and the incompleteness of the dynamical model. A well-conducted POD minimizes the residuals O i − M i , providing at the same time unbiased (for what is possible) estimates of the selected parameters. Relevant scientific information could be obtained by the time series of the estimated parameters or by an a posteriori residuals analysis (following, e.g., the method outlined in [58] ). The information content of the tracking data is related to [49] :
• spacecraft dynamics; • measurement procedures; • reference frames.
Each of these should be properly accounted for in the POD procedure, in order to extract as best as possible the information contained in the data. The non-gravitational part of the modelization set will be provided directly by the acceleration measurements. The proper use of the acceleration data would depend on a dedicated data reduction procedure, including the projection of the acceleration components to selected directions required by the POD software, which requires the attitude information.
Drag Measurements
The estimation of the atmospheric density from the drag-related acceleration data is obviously dependent on the knowledge of the satellite cross-section in the flight direction and the aerodynamic drag coefficient; the parameter provided by the accelerometer data is indeed C D ρ. Because METRIC is a stabilized satellite spinning along the axis orthogonal to the orbital plane and with cylindrical symmetry, the cross-section is well defined. The estimate of the drag coefficient in free-molecular flow is subject to the usual experimental uncertainties that are common to any satellite in orbit and dependent, for the re-emission contribution, on surface properties and temperature. However, METRIC has the advantages of having a simple, spin-symmetric geometry and will have a stable temperature (that affects the re-emission of the neutral particles and hence the drag coefficient) if a Sun-synchronous orbit is utilized. A polar orbit will be less favorable from this point of view, but it could be a better alternative for the determination of the relativistic effects.
Multi-Space Geodesy Techniques Tie
The establishment of an ITRF solution is a complex procedure in which individual solutions for each space geodesy technique are obtained from the respective analysis centers; these long-term single-technique solutions are subsequently combined in order to obtain the ITRF solution [20] . This combination relies also on the so-called local ties at co-location sites. These are geodetic sites where more than one space geodetic technique is present (e.g., GNSS and SLR); as the name suggests, they are fundamental in bringing together the various single-technique solutions via a set of Helmert transformations. The local ties are a critical factor in this respect, and their maintenance (e.g., in the case of the GNSS phase center eccentricities) is a continuous challenge. METRIC would indeed offer an important contribution to this problem, constituting an in-space tie potentially very well determined from the metrological point of view.
Outlook
METRIC appears as a multidisciplinary mission, able in principle to contribute to geophysics, fundamental physics, navigation and orbit evolution prediction. Several steps would be required in any case to develop the basic ideas previously outlined into a firm mission proposal. A more detailed analysis will be necessary to select an optimum orbital configuration, as well as to fine-tune the accelerometer performance requirements (in terms of both sensitivity and spectral features). A comprehensive set of simulations will be very important, whereby the main hypotheses on orbital dynamics and data analysis could be explored. Particular attention should be devoted to the sensitivity of relativistic signals to higher zonal harmonics and tidal lines. The simulations should provide also information on the tracking requirements necessary to fulfill the scientific objectives of the mission. The very basic concept of spacecraft as outlined above should be further developed into a consolidated instrument complement, possibly increasing the number of space geodetic instrumentation hosted on board.
Conclusions
This work outlines a mission concept, named METRIC, for a compact spacecraft dedicated to the study of a number of key topics in the fields of fundamental physics and geophysics, including the test of selected predictions of general relativity theory and direct measurements of atmospheric drag in an altitude range of interest for satellite lifetime predictions. A preliminary analysis of the expected dynamical environment shows very interesting prospects for the advancement of knowledge in these fields. A very interesting by-product of this mission would be the realization of an in-orbit metrological platform useful to establish a precise tie between different space geodesy techniques, with potentially important contributions to the Terrestrial Reference Frame solution (e.g., to navigation). The basic elements of the proposal (in terms of both orbit and spacecraft configuration) have been discussed, with an outlook towards future activities.
